Nitric oxide (NO) may block apoptosis by inhibiting caspases via S-nitrosylation of cysteines. Here, we investigated whether effector caspases might cleave and thereby inhibit endothelial nitric oxide synthase (eNOS). Exposure of eNOS-transfected COS-7 cells and bovine aortic endothelial cells to staurosporine resulted in significant loss of 135-kDa eNOS protein and activity, and appearance of a 60-kDa eNOS fragment; effects were inhibited by the general caspase inhibitor, benzyloxycarbonyl-Val-Ala-Asp[OMe]-fluoromethyl ketone (zVAD-fmk). In eNOS-transfected COS-7 cells, staurosporine-induced activation of caspase-3 and poly(ADP-ribose) polymerase (PARP) cleavage coincided with increased eNOS degradation and decreased activity. Loss of eNOS activity was greater than the degree of proteolysis. Incubation of immunoprecipitated eNOS with caspase-3, caspase-6 or caspase-7 resulted in eNOS cleavage. Staurosporine, a general protein kinase inhibitor, also reduced phosphorylation and decreased calmodulin binding, an effect that may explain the reduction in activity. eNOS, therefore, is both an inhibitor of apoptosis and a target of apoptosis-associated proteolysis.
Introduction
Apoptosis, or programmed cell death, is characterized by cell shrinkage, membrane blebbing, chromatin condensation, DNA fragmentation and selective cleavage of proteins by caspases. [1] [2] [3] The central molecular initiators and executors of apoptosis are a protease family known as caspases. [4] [5] [6] [7] Caspase participation in each of the two main apoptotic pathways has been demonstrated. The first pathway involves the release of cytochrome c from mitochondria. Cytochrome c in the presence of ATP promotes the assembly of the apoptosome complex, which includes apoptotic proteaseactivating factor-1 and procaspase-9. Apoptosome-mediated caspase-9 cleavage then leads to the activation of effector caspases (caspase-3, caspase-6 and caspase-7), resulting in cell death. 1, 4, 8 The second apoptotic pathway involves signaling by cell surface death receptors such as TNFR-1 or Fas, which, through adaptor molecules, promote caspase-8 cleavage, leading to apoptosis. 1, 8 In both pathways, activated caspase-3, one of the final products of the protease cascade, can cleave a number of key cellular proteins including poly(ADP-ribose) polymerase, an enzyme important for DNA repair. PARP is cleaved to a 89-kDa fragment, which is often used as an indicator of apoptosis. 9 The mitochondrial pathway appears to mediate apoptosis resulting from exposure to staurosporine without involvement of the Fas/ Fas-ligand/ caspase-8 pathway. 9, 10 Caspases, a family of least 14 mammalian aspartatespecific, cysteine-protease isoenzymes that are present in cells, constitutively as inactive zymogens, are grouped into two categories by structure and function. 5, 11 Activation of 'initiator caspases' such as caspase-8 and -9 begins a 'caspase cascade' in which downstream 'effector caspases' such as caspase-3, -6, and -7 are cleaved by upstream initiator caspases to form active heterodimers, which then proteolyze specific protein substrates. [5] [6] [7] Nitric oxide (NO), a lipophilic, free-radical gas with a half-life of seconds, is synthesized by a family of enzymes called nitric oxide synthases (NOS). Three NOS isoforms have been identified: one inducible (iNOS, type II), and two constitutive, the neuronal (nNOS, type I) and endothelial (eNOS, type III) enzymes.
12-15 eNOS plays a major role as a vasoprotective molecule, maintaining vascular tone and integrity. Similar to other NOS isoforms, eNOS contains N-terminal oxygenase and C-terminal reductase domains with an intervening calmodulin (CaM)-binding domain. eNOS enzymatic activity is tightly regulated at multiple levels by calcium, CaM and phosphorylation (e.g. serine-1177, in the reductase domain, and threonine-495, in the CaM-binding domain), as well as by protein-protein interactions. 16, 17 NO can have either pro-or antiapoptotic effects in different types of cells, dependent on its concentration and the overall oxidative status of the cell, among other factors. [18] [19] [20] Antiapoptotic effects of NO have been attributed to its ability to inhibit the caspase cascade via reversible S-nitrosylation of key cysteine residues in various caspases. [20] [21] [22] [23] [24] Thus, eNOS-synthesized NO inhibited caspase-mediated apoptosis in endothelial cells; 23 it has been speculated that diminished production or availability of NO and enhanced apoptosis is related to susceptibility to atherosclerosis or age-related endothelial dysfunction. [25] [26] [27] [28] In view of a role for eNOS in endothelial cell apoptosis, the effect of staurosporine-induced apoptosis on levels of eNOS protein and activity was studied in COS-7 cells, overexpressing eNOS, and in bovine aortic endothelial cells (BAEC). We hoped to determine whether eNOS, having a role as an inhibitor of apoptosis, may itself be a target of apoptosismediated events.
Results
Effect of caspase inhibition on staurosporineinduced reduction of eNOS protein and activity
Initial studies indicated that 24-h incubation of COS-7 cells overexpressing human aortic eNOS with staurosporine reduced eNOS protein and activity to levels less than 50% of those in control transfected cells (Figure 1 ). To confirm that decreases in eNOS protein and activity were related to caspase-mediated events, the eNOS-transfected COS-7 cells were treated with staurosporine in the presence of the nonspecific caspase inhibitor, benzyloxycarbonyl-Val-AlaAsp[OMe]-fluoromethyl ketone (zVAD-fmk), which prevented the effect of staurosporine, and in its absence, increased eNOS protein and activity ca. 100%. The effects of staurosporine on eNOS activity and proteolytic degradation were concentration-dependent ( Figure 2 ). After 8 h in the presence of between 6 and 20 nM staurosporine, concentration-dependent decrease in eNOS activity ( Figure 2 , lower panel) and increase in eNOS proteolysis, as indicated by increasing accumulation of an immunoreactive eNOS 60-kDa fragment ( Figure 2 , upper panel), were observed. Comparison of the densiometric ratio for full-length 135-kDa eNOS in treated versus untreated cells revealed no statistically significant change (t-test, Po0.05, n ¼ 3 per time point). In contrast, comparision of the densiometric ratio of 60-kDa eNOS in treated versus untreated cells between 6 nM and 2.0 mM staurosporine showed a dose-dependent linear increase (correlation coefficient ¼ 0.942), reaching a statistically significant (t-test, Po0.05, n ¼ 3 per time point) B5-fold increase over that of untreated cells at 2.0 mM staurosporine ( Figure 2 ). The percentage decrease in eNOS activity after 8 h in the presence of staurosporine, however, was much greater than the densiometrically observed (Figures 2 and 5a ) degradation of total immunoreactive eNOS protein.
To confirm that caspase-mediated effects on endogenous eNOS protein and activity could also be detected in nontransfected cells, primary BAEC were exposed to staurosporine with or without zVAD-fmk ( Figure 3) . Exposure of BAEC to 500 nM staurosporine for 18 h resulted in a ca. 80% decrease in eNOS protein and activity ( Figure 3) . In BAEC treated with staurosporine in combination with the general caspase inhibitor, zVAD-fmk, eNOS protein and activity were approximately twice those in staurosporine-treated cells, but still well below those in untreated control cells (Figure 3 ). In BAEC, the caspase inhibitor alone failed to increase eNOS activity and protein above basal levels as it did in the COS-7 cells overexpressing eNOS ( Figure 1 ) and, in fact, decreased both eNOS activity and protein by about 20%. In both transfected and primary cells, staurosporine treatment in combination with the general caspase inhibitor, zVAD-fmk, led to significantly (over two-fold) greater eNOS activity and protein levels than were found in cells treated with staurosporine alone. As shown in Figures 1 and 3 , total eNOS protein and activity changed in parallel after long-term (18-24 h) treatment of cells with staurosporine and/or caspase inhibitors. These data differ from those shown in Figure 2 , where cells were incubated for 8 h with the agents and effects on activity did not parallel those on eNOS protein. Effects of staurosporine on phosphorylation of eNOS serine-1177 and threonine-495
Phosphorylation of eNOS is one means of regulating its activity. 16 Since 8-h incubation of eNOS-transfected cells with different concentrations of the general protein kinase inhibitor, staurosporine, resulted in decreased eNOS activity that did not appear to parallel the loss of total immunoreactive eNOS (Figure 2 ), the effects of this agent on eNOS phosphorylation at serine-1177 and threonine-495 were investigated ( Figure 4 ). As shown in Figure 4 , staurosporine decreased phosphorylation of both serine-1177 and threonine-495 in a concentration-dependent manner. Significant effects on eNOS phosphorylation at both sites were detected with 60 nM staurosporine, whereas significant decreases in eNOS activity and proteolysis were detected at lower staurosporine concentrations (6-20 nM) (Figure 2 ). These data suggest that effects on phosphorylation at these sites do not explain effects on eNOS activity.
Effect of staurosporine on eNOS, PARP and caspase-3
We next sought to determine if reduction in eNOS activity and increase in eNOS degradation followed induction of caspase-3 activity and related PARP cleavage, two markers of Figure 2 Concentration-dependent effect of staurosporine on the formation of the p60-kDa fragment and eNOS activity. (Top) At 24 h after transfection with vector or eNOS cDNA, COS-7 cells were incubated with 5 mM zVAD-fmk for 24 h followed by replacement of medium with vehicle (DMSO), 50 mM zVAD-fmk or staurosporine at the indicated concentration and incubated for an additional 8 h before IP of proteins from duplicate 100-mm dishes with anti-eNOS antibodies, separation of proteins by LDS-PAGE and immunoblotting for eNOS. Densitometry is presented as means of values from three experiments7S.E. reported relative to that of untreated cells ¼ 1, with significant increase from untreated cells indicated (*Po0.05, t-test). (Bottom) In a separate experiment, duplicate dishes of cells were treated with staurosporine, zVAD-fmk and/or vehicle exactly as in (top) before assay of eNOS activity in sample (20 mg) lysates in triplicate. Data are eNOS activity (mean7S.E.) and statistical significance (t-test, *Po0.05) expressed relative to the activity of lysates from vehicle-treated, eNOS-transfected control cells ¼ 1.00, which represents 40070.8 fmol citrulline/ min/mg (data not shown). Results are representative of three independent experiments Figure 3 Effect of the general caspase inhibitor, zVAD-fmk, on staurosporineinduced reduction of endogenous eNOS protein and activity in BAEC. Proteins precipitated with anti-eNOS antibody from triplicate 100-mm dishes of confluent BAECs that had been incubated for 18 h without or with 500 nM staurosporine and/or 50 mM zVAD-fmk or 0.1% DMSO, as indicated, were used to assay eNOS activity and protein, as described in Materials and Methods. (a) eNOS protein, expressed relative to that of cells incubated with DMSO only ¼ 100, was quantified by densitometry after immunoblotting and is presented as in Figure 1a . (b) Immunoprecipitated proteins from the same lysates shown in (a) were assayed for eNOS activity. 100% ¼ eNOS activity immunoprecipitated from three confluent, untreated dishes, which is 11.070.1 fmol/min. Results were similar in two other experiments Effect of apoptosis on endothelial nitric oxide synthase M Tesauro et al apoptosis. We measured eNOS activity and protein, as well as caspase-3 activity and PARP cleavage, during incubation of eNOS-transfected COS-7 cells with staurosporine over 8 h ( Figure 5 ). Caspase-3 activity was increased after 2 h and was maximal (ca. 3.5-4 times initial basal level) between 4 and 8 h with staurosporine ( Figure 5b ). Accumulation of the 89-kDa PARP fragment increased in parallel with caspase-3 activity, but perhaps more slowly (Figure 5b) . A significant loss of eNOS activity (B30%, 8 h after staurosporine treatment) and an increase of p60-kDa C-terminal eNOS cleavage fragment (Figures 5a and 6a) were seen from 2 to 8 h, following the increase in caspase-3 activity and appearance of PARP cleavage fragment (Figure 5b ). The amount of 60-kDa cleavage fragment increased with duration of staurosporine exposure, along with induction of the two apoptotic markers. As noted in Figure 5c , staurosporine-induced increases in PARP cleavage were concentration-dependent beginning at 6 nM staurosporine, a concentration where the staurosporineinduced, concentration-dependent eNOS cleavage was starting to be observed (Figure 2, upper panel) . Thus, the reduction in eNOS activity and increase in eNOS degradation, following induction of PARP cleavage and increasing caspase-3 activity, would be consistent with cleavage of eNOS by caspase-3 upon induction of apoptosis. During initial caspase activation (2-8 h), the loss of eNOS activity was clearly greater than the densitometrically observed decreases in 135-kDa eNOS (Figures 2 and 5a) .
Effect of caspase inhibitors on staurosporineinduced eNOS cleavage
Since staurosporine-induced eNOS cleavage in transfected COS-7 cells was inhibited by the general caspase inhibitor, zVADfmk (Figure 6a ), we used several other caspase inhibitors to assess further a caspase-catalyzed degradative process (Figure 6b ). COS-7 cells overexpressing eNOS were incubated for 2 h with 50 mM of different inhibitors, followed by 6 h with staurosporine plus the inhibitor. Staurosporineinduced eNOS fragmentation was inhibited best by zVAD-fmk (general caspase inhibitor) and zVEID-fmk (caspase-6 inhibitor), and less so by zDEVD-fmk (caspase-3, caspase-7 and caspase-10 inhibitor). zWEHD-fmk (caspase-1, caspase-4 and caspase-5 inhibitor) and zLETD-fmk (caspase-8 inhibitor) were statistically (t-test, Po0.05, n ¼ 2) least effective. Thus, from the proposed specificity of caspase inhibitors, at these concentrations it appeared that certain inhibitors of executioner caspases, in particular, inhibitors of caspase-3, caspase-6 and caspase-7, as well as the general caspase inhibitor zVAD-fmk, prevented staurosporine-induced eNOS cleavage in COS-7 cells overexpressing eNOS.
eNOS proteolysis by caspase-3, caspase-6 or caspase-7
To determine whether caspase-3 or caspase-6 could act directly on eNOS as a substrate, we incubated immunoprecipitated eNOS without or with the active recombinant caspase (Figure 7a ). After incubation (1 h, 301C) of eNOS immunoprecipitated from vector-transfected control (lane 1) or eNOS-transfected cells without (lanes 2,3) or with caspase-3 (lane 5) or caspase-6 (lane 7) in the presence of inhibitor (zVAD-fmk), there was little, if any, cleavage of eNOS to the p60-kDa form (Figure 7a ). In contrast, p60-kDa eNOS was present after incubation with either caspase-3 (lane 4) or caspase-6 (lane 6). To determine the concentration-dependence of this effect, equal amounts of immunoprecipitated eNOS were incubated (1 h, 301C) in the presence of varying concentrations of either caspase-3 or caspase-6 ( Figure 7b ) and accumulation of the p60-kDa fragment was monitored by immunoblotting for eNOS followed by densitometry. Both caspase-3 and caspase-6 caused concentration-dependent increases in p60-kDa formation from immunoprecipitated eNOS. To determine if caspase-7 could act on eNOS as a substrate, we incubated equal amounts of immunoprecipitated eNOS without or with active recombinant caspase-3 or caspase-7 (each 20 U/ml, final concentration, 1 h, 301C, Figure 7c ). The amount of 60-kDa eNOS formed by incubation Figure 4 Effect of staurosporine concentration on phosphorylation of eNOS at serine-1177 or threonine-495. Confluent COS-7 cells, 24 h after transfection with vector or eNOS cDNA, were incubated with 5 mM zVAD-fmk for 24 h. The medium was replaced and cells were incubated for an additional 8 h with vehicle (DMSO) or staurosporine (various concentrations), as indicated. Proteins precipitated with anti-eNOS antibody from duplicate 100-mm dishes were separated by LDS-PAGE and quantified by densitometry after immunoblotting with the indicated antibodies against eNOS proteins or specific phosphorylated sites. Results shown are representative of three independent experiments with significant reductions (*Po0.05) in p-eNOS (S1177) and p-eNOS(T495)
with caspase-7 was consistently less (2671.4%, three independent experiments) than that formed by incubation with caspase-3. These data support the conclusion that eNOS serves as a substrate for the effector caspases, caspase-3, caspase-6 and caspase-7, consistent with the findings in intact cells.
Effect of staurosporine on association of CaM with eNOS
Based on the size of the 60-kDa eNOS fragment, it was predicted that incubation of cells with staurosporine might modify the eNOS protein in the vicinity of the CaM-binding site and perhaps alter CaM binding. As shown in Figure 8a , two independent methods were used to evaluate staurosporineinduced alterations in the interactions of CaM with eNOS: (1) the ability of antibodies specific for eNOS to co-immunoprecipitate CaM, or (2) the ability of eNOS to bind to immobilized CaM. Staurosporine caused a biphasic effect on CaM association with eNOS. No significant change in CaM binding was observed from 2 to 4 h; incubation for longer times, up to 8 h, caused a significant decrease (45710%, Po0.05, t-test, four independent co-immunoprecipitation (IP) experiments) in CaM bound to immunoprecipitated eNOS at the 8 h time point.
To demonstrate that loss of CaM binding at the 6-8 h time point was associated with formation of the staurosporineinduced 60-kDa eNOS fragment, we co-immunoprecipitated eNOS and CaM from lysates of vehicle-treated cells or from cells treated for 6 or 8 h with staurosporine ( Figure 8b ). Only co-IPs in which the 60-kDa eNOS fragment was detected showed reduced CaM binding (Po0.05, t-test, with reductions of 33 and 45% at 6 and 8 h, respectively).
Discussion
NO can have an important role in apoptosis. 18, 19 There is increasing evidence that alterations in NO production affect signal transduction pathways that control apoptotic cell Figure 5 Effect of staurosporine on eNOS protein and activity, PARP and caspase-3 activity. Confluent COS-7 cells, 48 h after transfection with eNOS cDNA, were incubated without or with 2 mM staurosporine for the indicated times (a and b) or for 8 h with the indicated concentration of staurosporine or vehicle (c). (a) Proteins were precipitated from duplicate 100-mm dishes with anti-eNOS antibody for quantification of eNOS protein and activity, which are reported relative to that of cells from two dishes of untreated transfected cells ¼ 1, *Po 0.05 compared to untreated cells. (b and c) Samples of lysates from cells incubated as described were subjected to LDS-PAGE and immunoblotting followed by densitometry to quantify PARP protein levels, which is reported relative to the density of the 116-kDa band at zero time ¼ 1.0, or were assayed for caspase-3 activity, which is reported relative to that of untreated cells at zero time ¼ 1.0. Results shown were replicated in two independent experiments Effect of apoptosis on endothelial nitric oxide synthase M Tesauro et al death. 19, 23, 26 Our results show that staurosporine-induced reduction in eNOS activity was associated with caspasemediated cleavage of eNOS. Long-term (18-24 h) exposure of either eNOS-transfected COS-7 cells or BAECs to staurosporine resulted in a significant loss of eNOS protein and activity, an effect that was significantly reduced by caspase inhibitors. Sensitivity of BAEC to staurosporine was significantly greater than that of COS-7 cells overexpressing human eNOS. In addition, relative amounts of eNOS protein and activity were much lower in BAEC treated with staurosporine plus caspase inhibitor than they were in COS-7 cells overexpressing eNOS. These data are consistent with the hypothesis that, prior to staurosporine exposure, eNOS-transfected COS-7 cells have a high basal rate of apoptosis and caspase activation not present in BAEC which, when inhibited by the general caspase inhibitor, zVADfmk, leads to increased eNOS protein and activity Effect of apoptosis on endothelial nitric oxide synthase M Tesauro et al levels. Additionally, the primary BAEC appear more sensitive to staurosporine-induced apoptotic stimuli than the immortalized COS-7 cell line. Short-term (2-8 h) initial staurosporine-induced reduction in eNOS activity and appearance of an immunoreactive 60-kDa eNOS degradation product followed induction of two markers of apoptosis, PARP cleavage and caspase-3 activity ( Figure 5 ). Cleavage of PARP and eNOS appeared following activation of caspase-3, consistent with prior studies showing that these two events are coordinated consequences of apoptosis. Additionally, staurosporine-induced increases in PARP and eNOS cleavage displayed similar dose-dependence, both detected with a concentration of staurosporine as low as 6 nM (Figure 5c compared to Figure 2, upper panel) . Consistent with caspase-dependent proteolysis as a mechanism for eNOS degradation, incubation of immunoprecipitated eNOS from transfected COS-7 cells with effector caspases (caspase-3, caspase-6 and caspase-7) resulted in specific eNOS cleavage, which for caspase-3 and caspase-6 was shown to be concentration-dependent (Figure 7) .
The reduction in total eNOS activity seen after 8 h of exposure to staurosporine were disproportionate to the reduction in the amount of full-length eNOS and coincided with appearance of the 60-kDa C-terminal fragment ( Figures  2, 5a and 6a) . Addition of staurosporine, a general protein kinase inhibitor, resulting in differential reduction in phosphorylation of eNOS by staurosporine at one of the two main eNOS phosphorylation sites thought to regulate eNOS activity, 16 either serine-1177 or threonine-495, could be one explanation for this observation. While eNOS phosphorylation at serine-1177 has been shown to increase NO production (by increasing electron flux through the reductase domain), eNOS phosphorylation at threonine-495 is believed to decrease enzymatic activity (by interfering with the binding of CaM). 16 However, staurosporine-induced decrease in phosphorylation of eNOS at either serine-1177 or threonine-495 occurred at similar concentrations (Figure 4) . Additionally, eNOS activity declined at concentrations of staurosporine that did not affect eNOS phosphorylation (Figure 2) . Thus, effects on phosphorylation and proteolysis do not explain the loss of activity. In contrast, incubation of cells with staurosporine resulted in a partial loss of CaM binding by eNOS, which paralleled accumulation of the 60-kDa eNOS fragment, and may be responsible for decreased eNOS activity after longer incubation.
The 60-kDa C-terminal eNOS cleavage fragment, or peptides derived in its generation, may have an inhibitory effect on eNOS activity. It is well known that dimerization of eNOS is required for activity. Lee et al. 29 demonstrated that eNOS N-and C-terminal truncation mutants coexpressed in Figure 8 Effect of staurosporine on CaM binding to eNOS. Confluent COS-7 cells 24 h after transfection with vector or eNOS cDNA were incubated with 5 mM zVAD-fmk for 24 h before the medium was replaced and cells were incubated for indicated times without or with vehicle (DMSO) or 2 mM staurosporine. (a) Two methods were used to quantify the effect of staurosporine on CaM binding to eNOS, that is, (1) CaM co-immunoprecipitation with eNOS (upper two panels from the same immunoblot) and (2) eNOS binding to CaM Sepharose (lower two panels from separate immunoblots). Data are presented as the densiometric means of values of total 135-kDa eNOS (dark circles, two panels) or eNOS bound to CaM (open circles, two panels) at corresponding time points from both methods (shown in corresponding blots)7one-half the range. Four independent co-IP experiments (n ¼ 4) confirmed a significant reduction (45710%, t-test, *Po0.05) in CaM bound to immunoprecipitated eNOS at the 8-h time point. (b) Decreased CaM binding was associated with the accumulation of a 60-kDa eNOS fragment. The amount of CaM co-immunoprecipitated with eNOS from cell incubated with 2 mM staurosporine for 6 or 8 h (33 and 45% decrease, respectively) was significantly less (*Po0.05, t-test) than from cells incubated with vehicle alone. Data are presented as means of values from duplicate samples (shown in blot)7one-half the range COS-7 with full-length eNOS exerted a negative effect on eNOS activity by affecting eNOS oligomerization. Our experiments demonstrate caspase-mediated cleavage of eNOS, with the generation of a C-terminal eNOS fragment of approximately 60-kDa, implicating the closest putative caspase cleavage site at aspartate-668. COS-7 cells overexpressing the eNOS mutant (eNOS D668A) showed reduction, compared to wild-type eNOS, of 60-kDa eNOS formation by 60% (data not shown), indicating that this and other proteolytic sites may be involved. The p60 fragment generated during apoptosis may be an in vivo effector of eNOS.
Consistent with these findings in intact cells, incubation of immunoprecipitated eNOS with caspase-3 or caspase-6 in vitro resulted in a concentration-dependent increase in p60-kDa formation (Figure 7b) , consistent with eNOS serving as a direct target of apoptosis-associated proteolysis in vivo.
The cleavage of eNOS early in apoptosis may be of physiological relevance in promoting cell death. NO has been shown to inhibit endothelial cell apoptosis 23 and many groups have shown inhibitory effects of NO on caspase activity. [20] [21] [22] [23] [24] [25] Diminished eNOS-catalyzed production of NO or its bioavailability leads to endothelial apoptosis, and it has been speculated that this is associated with enhanced susceptibility to endothelial dysfunction and atherosclerosis. [26] [27] [28] As NO inhibits apoptosis in endothelial cells, it is intriguing to speculate that caspase-mediated loss of eNOS-derived NO further activates the caspase cascade, thereby promoting the apoptotic process by removing an impediment to cell death.
Materials and Methods

Plasmid constructs
Human aorta eNOS cDNA (a kind gift of T Quertermous, Harvard Medical School, Massachusetts General Hospital, Boston, USA) was ligated into the PBK-CMV phagemid vector (Stratagene) at the EcoRI restriction site. Sequence of the resulting construct was confirmed twice by DNA sequencing (ABI PRISM Dye Terminator Cycle Sequencing Ready Kit; Perkin-Elmer).
Cell culture and transient transfection BAEC (passages 4-10) were grown on 100-mm cell culture plates using medium and instructions supplied by the manufacturer (Clonetics, San Diego, USA). Confluent COS-7 cells (American Type and Culture Collection, Manassas, VA, USA) grown in high glucose DMEM (Invitrogen, Rockville, MD, USA) supplemented with 10% FBS and penicillinstreptomycin, 40 U/ml, were transfected with plasmid DNA (4 mg/100-mm cell culture plate) using Lipofectamine Plus in combination with Lipofectamine according to the manufacturer's protocol (Invitrogen, Rockville, MD, USA). Time-course experiments were initiated, unless otherwise noted, 48 h after transfection. Staurosporine (Sigma) VAD-fmk (Sigma) stock solutions in DMSO for cell culture experiments were used either fresh or stored at À201C for up to 1 month.
eNOS IPs
Cells used to prepare sample lysates for eNOS IP experiments were prepared from transiently transfected COS-7 cells, as detailed above. Cells (two 100-mm culture plates/sample) were harvested on ice by scraping and sedimented by centrifugation (1000 Â g, 5 min, 41C). Supernatants were discarded and cell pellets were sonified for 15 s in 1 ml of ice-cold IP buffer I (50 mM Tris-HCI, pH 7.5, 20 mM CHAPS, 125 mM NaCI, 2 mM dithiothreitol, 0.1 mM EDTA, 1 mM orthovanadate and protease inhibitor cocktail (Complete, EDTA free, Roche, Indianapolis, IN, USA, as per the manufacturer's instructions)). After centrifugation (microcentrifuge, 6000 Â g, 5 min, 41C), 1 ml sample supernatants were incubated (1 h, 41C) with eNOS antibody (C-terminal-specific mouse antieNOS antibody, BD Transduction Laboratories, San Diego CA, USA, 5 mg/ 1 ml sample) followed by incubation (1 h, 41C) with protein A/G (50 ml of a 50% bead slurry per sample, Pierce, Rockford, IL, USA). Samples were briefly centrifuged (5000 Â g, 30 s), supernatants were discarded and bound proteins were eluted from beads for quantification of immunoprecipitated eNOS protein by immunoblotting.
eNOS co-IPs with CaM
For these experiments, cells were prepared as detailed above and sonified in 1 ml of ice-cold IP buffer II (50 mM Tris-HCI, pH 7.5, 20 mM CHAPS, 125 mM NaCI, 2 mM dithiothreitol, 1 mM EGTA, 1 mM orthovanadate and protease inhibitor cocktail (Complete, EDTA free, Roche, Indianapolis, IN, USA, as per the manufacturer's instructions)). After centrifugation (microcentrifuge, 6000 Â g, 5 min, 41C), 1 ml sample supernatants were brought to 2.5 mM CaCl 2 (final concentration) and IP was carried out as described above with the same anti-eNOS antibody. After IP, samples were washed twice (5 min each, 41C) with 1 ml of IP buffer II containing 2.5 mM CaCl 2 and bound proteins were eluted from beads to quantify both immunoprecipitated eNOS and bound CaM by immunoblot.
eNOS binding to CaM affinity resin
For these experiments, cells were prepared as detailed above for co-IP of eNOS with CaM, with the following exceptions. Instead of adding eNOSspecific antibody to the 1 ml lysate, CaM affinity resin (50 ml of a 50% bead slurry/1 ml sample, Stratagene) was added to the lysate and samples were incubated (1 h, 41C with mixing). Beads were washed twice (5 min each, 41C with mixing) with 1 ml of IP buffer II containing 2.5 mM CaCl 2 (1 ml/ wash), and proteins bound to beads were eluted for quantification of eNOS by immunoblotting.
Proteolysis of eNOS by recombinant caspase-3, caspase-6 and caspase-7 IP of eNOS was carried out as described above, with the following exceptions. After incubation of samples with eNOS antibody in IP buffer I, protein A/G beads were washed once (2 min, 41C) with 1 ml of caspase assay buffer (50 mM HEPES, pH 7.4, 100 mM NaCI, 0.1% (w/v) CHAPS, 1 mM EDTA, 10% (v/v) glycerol, 10 mM dithiothreitol); after centrifugation (5000 Â g, 30 s), supernatants were discarded and beads were incubated (301C, 1 h) in caspase assay buffer without or with 50 mM zVAD-fmk or vehicle (DMSO, 0.1% final concentration) in a total volume of 40 ml without or with 800 U of recombinant caspase-3 (1 U ¼ 1 pmol/min at 301C with 200 mM acetyl-Asp-Glu-Val-Asp-p-nitroanilide as substrate, as specified by the manufacturer (BioMol, Plymoth, MA, USA), recombinant caspase-6 (1 U ¼ 1 pmol/min at 301C with 200 mM acetyl-Val-Glu-lle-Asp-p-nitroanilide as substrate, as specified by the manufacturer (BioMol, Plymoth, MA, USA) or recombinant caspase-7 (1 U ¼ 1 pmol/min at 301C with 200 mM acetyl-Asp-Glu-Val-Asp-p-nitroanilide as substrate, as specified by the manufacturer (BioMol, Plymoth, MA, USA). Reactions were terminated by the addition of 20 ml of LDS-PAGE sample buffer and heated (10 min, 701C), and immunoprecipitated eNOS protein was quantified by immunoblotting.
eNOS enzymatic assays eNOS activity was assayed either in cell lysates (typically 30 mg of cell lysate per sample) or with immunoprecipitated eNOS bound to protein A/G beads. For assay of lysates, cell pellets were washed in 10 ml of ice-cold phosphate-buffered saline and, after centrifugation (1000 Â g, 3 min, 41C), supernatants were discarded. Cells were lysed by sonification of cell pellets in ice-cold buffer containing 25 mM Tris-HCI, pH 7.4, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM BH 4 , 1 mM leupeptin, 0.2 mM phenylmethylsulfonyl fluoride (500 ml/cell pellet); lysate protein concentrations were measured using Bio-Rad protein assay with bovine serum albumin as the standard. Assays (in triplicate) were initiated by the addition of lysate (30 mg of protein) to 200 ml substrate mixture (50 mM Tris/HCI, pH 7.5, 1 mM dithiothreitol, 10 mM BH4, 4 mM FMN, 4 mM FAD, CaM (10 mg/ml), 2.5 mM CaCI2, 1 mM NADPH, 20 mM L-arginine (with L- [2, 3, 4, H]arginine hydrochloride, 0.5 mCi per assay, Amersham). After incubation for 10 min at 371C, reactions were terminated by the addition of 500 ml/ sample of ice-cold 50 mM HEPES, pH 5.5, containing 5 mM EDTA, and a sample (300 ml) of each reaction mixture was applied to a 1-ml column of Dowex AG 50W-X8 (Na þ form) that had been pre-equilibrated to pH 5-6 with double-deionized water after rinsing the resin received from the supplier (Bio-Rad) three times with 1 M NaOH. Radiolabelled citrulline was eluted with four 1 -ml volumes of double-deionized water and quantified by liquid scintillation counting.
For assay of immunoprecipitated eNOS, lysates were prepared as described above except that cell pellets were sonified in 1 ml of ice-cold IP buffer III (25 mM Tris-HCI, pH 7.5; 1 mM EGTA, 1 mM EDTA, 1 mM dithiothreitol, 10 mM BH4, 4 mM FMN, 4 mM FAD, CaM (10 mg/ml), 2.5 mM CaCl 2 , 1 mM leupeptin, 0.2 mM pepstatin, 20 mM CHAPS, 10% glycerol). After centrifugation (microcentrifuge, 14 000 Â g, 5 min, 41C), samples of supernatants were assayed for protein (Bio-Rad protein assay) and lysate protein concentrations were equalized (usually 1-2 mg/1 ml sample) by addition of ice-cold IP buffer III. The mouse anti-eNOS antibody (10 ml/1 ml sample) was added and after 1 h at 41C, 50 ml of protein A/G (50% slurry; Pierce, Rockford, IL, USA) were added followed by incubation (30 min, 41C with mixing), before centrifugation (5000 Â g, 30 s). Supernatants were discarded and beads were incubated (20 min, 371C) in 600 ml eNOS substrate mixture (50 mM Tris/HCI, pH 7.5, 1 mM dithiothreitol, 10 mM BH 4 , 4 mM FMN, 4 mM FAD, CaM (10 mg/ml), 2.5 mM CaCl 2 , 1 mM NADPH, 20 mM L-arginine (with L- [2, 3, 4, H]arginine hydrochloride, 0.5 mCi per assay). Reactions were terminated by transfer of 550 ml of each assay medium supernatant into 800 ml of ice-cold 50 mM HEPES, pH 5.5, containing 5 mM EDTA on ice, followed by transfer of one-half of each 1.35 ml reaction mixture to a 1-ml column of Dowex AG 50W-X8 (Na þ form) for separation and radioassay of 3 
